The high-resolution (0.005 cm −1 ) Fourier transform infrared spectrum of PH 3 is recorded and analyzed in the region of the fundamental stretching bands, ν 1 and ν 3 . The ν 2 + ν 4 and 2ν 4 bands are taken into account also. Experimental transitions are assigned to the ν 1 , ν 3 , ν 2 + ν 4 , and 2ν 4 bands with the maximum value of quantum number J equal to 15, 15, 13, and 15, respectively. a 1 -a 2 splittings are observed and described up to the value of quantum number K equal to 10. The analysis of a 1 /a 2 splittings is fulfilled with a Hamiltonian model which takes into account numerous resonance interactions among all the upper vibrational states. C 2002 Elsevier Science (USA)
INTRODUCTION
The PH 3 molecule is the object of a large spectroscopic interest for a lot of reasons. On the one hand, study of the phosphine spectra is important for some astrophysical applied problems because phosphine was found in the atmospheres of the giant planets Saturn and Jupiter (1) (2) (3) (4) (5) . On the other hand, the PH 3 molecule is of interest from a purely theoretical point of view because it is one of the lightest pyramidal molecules. As a consequence, numerous spectroscopic effects and peculiarities which are inherent in such molecules should be particularly pronounced in the spectra of phosphine. An additional interest in the spectroscopic study of the PH 3 molecule is caused by the fact that the PH 3 molecule can probably be considered as one of the lightest local mode molecules. 1 So both the local mode properties and the conditions of their destruction can be analyzed in the stretching bands of the phosphine molecule. To discuss and solve both the above-mentioned and other problems, first of all, correct assignments of transitions and description of possible peculiarities in experimental spectra should be fulfilled. Accurate experimental information can also be considered an important addition to modern databases.
Earlier, the spectra of the PH 3 molecule were analyzed in numerous studies. However, most of them were devoted to the ground vibrational state, the deformational fundamentals ν 2 and 1 At least, as discussed in Refs. (6, 7) , the local mode effects clearly appear in spectra of stretching bands of the phosphine's deuterated species PH 2 D and PHD 2 .
ν 4 , and their overtones; see, e.g., the short review in Ref. (8) .
As to the stretching bands ν 1 and ν 3 and their overtones, there have been only a few studies, Refs. (9) (10) (11) , where the rotational structure of the ν 1 and ν 3 fundamentals was discussed.
In our study, the high-resolution Fourier transform spectra of the PH 3 molecule are recorded in the wide spectral region 1750-9200 cm −1 (for illustration, the overview spectra of the v = 1, 2, 3, and 4 (v = v 1 + v 3 ) polyads are shown in Fig. 1 ). In this case, because of the very complicated picture of spectra in regions of stretching overtone bands, as much initial information as possible about stretching fundamentals is desirable.
As mentioned above, the spectral region of 4-5 µm where the ν 1 and ν 3 bands are located was considered earlier in Refs. (9) (10) (11) . The most careful analysis of the rotational structure of the ν 1 and ν 3 bands was made in (11) . Unfortunately, even in that paper, information is absent on both the line positions and energy levels of the upper vibrational states. On the one hand, as our preliminary analysis shows, the set of parameters from (11) does not allow one to correctly describe numerous effects and peculiarities which appear in a high-resolution spectrum for transitions with quantum number J > 10. On the other hand, transitions with J > 10 are the most interesting and informative for understanding many resonance effects and the nature of different kinds of splitting in the spectrum of the PH 3 molecule in the region 4-5 µm.
So, in this contribution, we present the results (a) of a highresolution reanalysis of the spectral region where the fundamental stretching bands ν 1 details are reported in Section 2. It should be mentioned that transitions with the value of quantum number J ≤ 10 can be assigned without any difficulties on the basis of the traditional ground state combination differences method. At the same time, assignment of transitions with J > 10 is not a trivial problem because of the presence of numerous and strong resonance interactions, on the one hand, and because of the decrease of linestrengths when the value of the quantum number J increases, on the other hand. Under these conditions, preliminary predictions for the line positions of transitions with J > 10 are very useful. For this reason, the assignments of transitions were carried out simultaneously with a fit of upper energies. The Hamiltonian used in the fit is briefly discussed in Section 3. Besides the ν 1 and ν 3 , the 2ν 4 and ν 2 + ν 4 bands, which strongly perturb the rotational structure of the (1000, A 1 ) and (0010, E) vibrational states, were taken into consideration, as well. The very weak band 2ν 2 is not reanalyzed and its influence on the other bands is taken into account via the fitting of corresponding resonance interaction parameters. Assignments of the recorded transitions and discussion of the appeared effects are presented in Section 4.
EXPERIMENTAL DETAILS
The PH 3 sample was purchased from the Nanjing Special Gas Company with a stated purity of 99.9%. The spectra are recorded at room temperature with a Bruker IFS 120HR Fourier-transform interferometer (Hefei, China), which is equipped with a path length adjustable multipass gas cell. The spectra are recorded in the region 1750-9200 cm −1 under different experimental conditions. The experimental details can be found in Table 1 . In this paper we mainly discuss the spectra in the region 1750-2500 cm −1 , which includes ν 1 , ν 3 , 2ν 4 , and ν 2 + ν 4 bands (two parts of the recorded high-resolution spectra are shown for illustration in Figs. 2 and 3) . A CO 2 absorption band overlapping with the ν 1 and ν 3 bands of PH 3 is observed. These lines of CO 2 are used to calibrate the lines of PH 3 in the region 2100-2500 cm −1 . The lines of PH 3 in the longer wave region are 
HAMILTONIAN MODEL
The PH 3 molecule is a symmetric top with the value of the angles between the bonds close to 90
• . Its stretching fundamental bands, ν 1 4 .
In the present study, we used the Hamiltonian model which was derived in Ref. (12) on the basis of the symmetry properties of a molecule and which allows one to take into account any kinds of effects and interactions that appear in one or another polyad. That Hamiltonian has the form of the effective operator
where the summation is fulfilled in all the vibrational states of a poliad. In our case, v, v = 1, . . . , 6, and it is denoted: 
In Eq. 
and
[12]
Here the operatorsÃ,B, . . . , etc., can be derived from Eq. [7] by substitution of the parametersα,β, . . . , etc., for the parameters α, β, . . . .
(2) Coriolis-type resonance operators which connect vibrational states of different symmetries, A 1 and E. In this case,
As in the case of the Fermi-type interaction, the operators A * , B * , . . . , etc., can be derived from Eq. [7] by substitution of the parameters α * , β * , . . . , etc., for the parameters α, β, . . . .
DESCRIPTION OF THE SPECTRUM AND ASSIGNMENT OF TRANSITIONS
As shown in Figs. 1 and 4 ( Fig. 4 shows the diagram of the rovibrational energies for all vibrational states of the considered polyad), the strongest parallel band ν 1 and perpendicular band ν 3 are totally overlapped and located about 100 cm Assignment of the spectrum was made on the base of the ground state combination differences method, and the ground state energies were calculated with the parameters from Ref. (8) . In this case, as already mentioned above, transitions with quantum number J ≤ 10 were assigned without large difficulty for all the studied bands. At the same time, assignments of transitions with J > 10 met two problems. First, many rovibrational states of (1000, A 1 ) and (0010, E) are strongly perturbed by the rovibrational states of the (0002, A 1 , E) and even (0101, E). As a consequence, an assignment of transitions with higher values Table 2 , is the experimental uncertainty of the energy value, equal to one standard deviation in units of 10 −4 cm −1 . The is not quoted when the energy value was obtained from only one transition. Such energies were not used in the fit and they can be considered as a prediction. 4 (E), and ν 2 + ν 4 bands, respectively. In this case, the upper J and K values for the upper energies were 15 and 11, 15 and 14, 15 and 13, 15 and 11, and 13 and 11 for the ν 1 , ν 3 , 2ν 4 (A 1 ), 2ν 4 (E), and ν 2 + ν 4 bands, respectively. Strongly speaking, considerably larger transitions with higher values of quantum numbers J and K were assigned in all studied bands. However, we kept in the final results of the analysis only transitions (and, as a consequence, upper energies) which were assigned without any doubt.
Upper "experimental" rovibrational energies which were derived on the base of assigned transitions for all studied vibrational bands are presented in columns 2, 4, and 6 of Tables 2 and 3 together with their experimental uncertainties  (see columns 3, 5, and 7 of Tables 2 and 3) . These "experimental" energies and their uncertainties were determined from some transitions reaching the same upper state and are given in Tables 2 and 3 in unity of "cm −1 " and "10 −4 cm −1 ," respectively. Values for the (1000, A 1 ) and (0002, A 1 ) The is not quoted when the upper energy value was obtained from only one transition.
Assignments of transitions and analysis of the obtained data showed the presence of numerous different a 1 -a 2 splittings. In this case, the experimental recorded spectrum allowed us to see the a 1 -a 2 splittings not only for the rovibrational states with the value of quantum number K equals to 3 for the bands ν 1 and 2ν 4 (A 1 ), or K = 1 and/or 2 for the bands ν 3 , 2ν 4 (E), and ν 2 + ν 4 , but for states with the value of quantum number K equals to 4, 5, 6, and even 7, 8, and 10, as well. Some examples of such high K -value doublets are shown in Figs. 6 and 7. In Fig. 6 the experimentally observed P Q 6a 1 /a 2 (J ) doublets in the 2ν 4 (E) band are presented. The P-branch's a 1 -a 2 doublets in the ν 2 + ν 4 and ν 3 bands, which correspond to the upper states with K = 7 and 8, respectively, are shown in Fig. 7 . In this case, one of the appearances of strong resonance interaction can be seen in Fig. 7 . Namely, in ordinary situations, the value (−1)
) has the same sign for any value of quantum number J . At the same time, as one can see from the lower part of Fig. 7 , the components of the P P 9a (15) doublet of the ν 3 band are inverted with respect to the components of the corresponding P P 9a (13) doublet. The collected information concerning the observed and analyzed a 1 -a 2 doublets is presented in Tables 4 and 5 . In this case, Table 4 gives the list of minimum values of the quantum number J which correspond to the first appearances of Table 5 are presented not for the value of J = 12, but for J = 14. All values in Table 5 The presence of numerous resonance interactions can lead, not only to anomalously large splittings for lower values of quantum number K and to the appearance of exotic splittings for the states with higher values of K , but to anomalous behavior and even inversions of relative positions of the a 1 and a 2 components of doublets in some series of energy levels. One such situation was mentioned above (see the lower part of Fig. 7 ). As one more interesting example, the set of the states [J K = 1a 1 /a 2 ](0002, E) can be mentioned. For an illustration of the situation, Table 6 presents corresponding pairs of energy levels E J K =1a 1 and E J K =1a 2 . One can see that the splittings begin already with the value of quantum number J = 1. The value of the splitting is first increased. But, already from the value of J equal to 4, it begins to decrease, and for the value J = 5 it even changes sign. Between values of J equal to 7 and 8, the relative position of the energy levels is inverted again. Then the value of the split begins to increase rapidly, but near the value J = 11 the increase is stopped, and up to the value J = 13 the value of the split is practically not changed. The reasons for such more than unusual behavior are the following: at the first step, two different interactions have an effect on the value of the a 1 -a 2 splitting of the states [J K = . In this case, as one can see from columns 2, 3, and 5 of Table 6 , the distance between the levels [J K = 0a λ ](0002, A 1 ) and the corresponding levels [J K = 1a λ ](0002, E) increases with the increasing value of quantum number J . As a consequence, the efficiency of the A * (J + ± J − ) resonance interaction is quickly decreased (see the behavior of the curve I in Fig. 8 up to the value J = 6). In this case, the relative positions of the a 1 and a 2 components are even inverted. At the same time, starting from the value of the quantum number J = 6, the third mechanism of interaction begins to be more and more important. It is the A(J + ± J − ) operators (see Eqs. [6] , [7] ), which provide, in particular, interactions between the states [J K = 1a λ ] and [J K = 2a λ ] of the vibrational state (0002, E) (see columns 6 and 7 of Table 6 ). In this case, beginning from the value of J = 7, the value of the split decreases again (see column 3 of Table 6 and Fig. 8 ) and, for the second time, the a 1 and a 2 components are inverted. Finally, the joint influence of all three mechanisms leads to the practically unchanged value of the splittings for the values of the quantum number J = 11-13. For comparison with the exotic behavior of the discussed splittings, the curve I I in Fig. 8 illustrates the ordinary dependence of the splitting on the value of the quantum number J .
As was mentioned above, assignments of transitions (especially the states with J upper > 10) were made simultaneously with a fit of upper energies. In this case, theoretical estimates with the parameters derived from the fit allowed us to predict wavenumbers of new unassigned transitions with more than satisfactory accuracy (about 0.01-0.03 cm −1 , as a rule). Finally, we were able to reproduce 1008 derived upper levels (J ≤ 15) with an rms deviation of 0.0039 cm −1 . However, the total of 157 parameters of the Hamiltonian obtained from the fit seems to be extremely large. On this reason we present here only the results of assignments and do not present these parameters.
CONCLUSION
The infrared spectrum of the phosphine, PH 3 , has been recorded in the region of the bands ν 1 , ν 3 , ν 2 + ν 4 , and 2ν 4 , and transitions belonging to these bands were assigned up to the value of quantum number J upper 15, 15, 13, and 15, respectively. Numerous a 1 -a 2 splittings in the recorded spectrum were observed and theoretically described for the values of quantum number K 1 ≤ (K = 9) ≤ 10.
